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The Asian part of Turkey, i.e. Anatolia, is the region where three of the world’s 35
biodiversity hotspots meet, and interact: the Caucasus, Irano-Anatolian, and Mediter-
ranean basin hotspots. One of the most distinctive biogeographic features that helps
in understanding the biodiversity of Anatolia is the Anatolian diagonal, which has
long been recognised as a biogeographic boundary between the central and eastern
Anatolian floras and faunas, but the processes (i.e. historical, ecological or some
combination of these) responsible for its origin and maintenance have not been well
understood. The aim of this study was to assess whether the Anatolian diagonal cor-
responds with a significant environmental barrier. I used for this purpose ecological
niche modelling and associated comparative metrics. First, I created virtual records in
the Anatolian part of the Irano-Anatolian hotspot, and split these records into two
groups: those occurring to the west and to the east of the Anatolian diagonal. Then, I
examined whether the Anatolian diagonal is associated with a steep environmental
gradient. It was found that the Anatolian diagonal is indeed associated with a steep
environmental gradient, and therefore corresponds with a significant environmental
barrier. This steep gradient associated with the Anatolian diagonal is mainly in tem-
perature seasonality. The models did not cross-predict each other, either at the Last
Glacial Maximum or at the present, suggesting that during at least the last glacial-
interglacial cycle, many of these populations or taxa were excluded from the other
side of the Anatolian diagonal by environmental rather than non-environmental rea-
sons (i.e. dispersal, competition).

Keywords: Anatolia; Anatolian diagonal; biodiversity hotspot; ecological niche
modelling; environmental barrier; niche

Introduction

The Asian part of Turkey (Anatolia) is the region where three of the world’s 35 biodi-
versity hotspots meet, and interact: the Caucasus, Irano-Anatolian, and Mediterranean
basin hotspots (Mittermeier et al., 2004). While Anatolia has a high level of biodiversity
and a high percentage of life found nowhere else on the planet, it has lost most of its
original natural vegetation (Conservation International, 2015). This high biodiversity
and rate of endemism in Anatolia (e.g. of over 9000 known native vascular plant spe-
cies, one third is endemic) is thought to result from its location at the nexus of Europe,
the Middle East, Central Asia, and Africa and its high topographic and climatic hetero-
geneities. However, over the previous millennia, human activities have dramatically
changed the terrestrial ecosystems of Anatolia, one of the earliest loci of human civiliza-
tion (Sekercioglu et al., 2011).
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Figure 1. Map of the study area showing Turkey (black line) and the Anatolian part of the Irano-
Anatolian hotspot (red line). The Anatolian part of the Irano-Anatolian hotspot hosts five different
ecoregions (CS: Central Anatolian steppe; CF: Central Anatolian deciduous forests; EF: Eastern
Anatolian deciduous forests; ES: Eastern Anatolian montane steppe; ZS: Zagros Mountains forest
steppe). The thick black line indicates the approximate midline position of the Anatolian diagonal,
and the shaded area elevation (light grey: <1500 m; dark grey, 15002000 m; black, >2000 m).

One of the most distinctive biogeographic features that helps in understanding the
biodiversity of Anatolia, and has received increased attention in recent years is the Ana-
tolian diagonal. It was discovered by J. Cullen, and first referred to by Davis (1971),
based on the distribution patterns of plant species in the first volume of the “Flora of
Turkey and the East Aegean Islands”. Ekim and Giiner (1986) reaffirmed the Anatolian
diagonal, based on the distribution patterns of plant species in the first eight volumes of
the “Flora of Turkey”. The Anatolian diagonal runs from the northeast of Turkey (i.e.
from the vicinity of Bayburt-Glimiigshane) to the southwest, where it splits into two
branches toward the Mediterranean, one through the Amanos Mountains and the other
through the Central Taurus Mountains. It divides inner Anatolia, covered by the western
part of the Irano-Anatolian hotspot (hereafter referred to as the Anatolian part of the
Irano-Anatolian hotspot; Eken et al., 2004; Conservation International, 2015), into two
regions (i.e. central lowland Anatolia, mainly <1500 m, and eastern highland Anatolia,
mainly >1500 m) with different faunistic or floristic communities (Davis, 1971; Ekim &
Giiner, 1986; Welch & Kirwan, 2008), one including the “Central Anatolian steppe”
and “Central Anatolian deciduous forests” ecoregions and the other including the “East-
ern Anatolian deciduous forests”, “Eastern Anatolian montane steppe”, and “Zagros
Mountains forest steppe” ecoregions (Welch & Kirwan, 2008; Figure 1).

The Anatolian diagonal acts as a barrier to dispersal for, and therefore coincides
with the distributional limits of, many populations (e.g. lineages, Rokas, Atkinson,
Webster, Csoka & Stone, 2003; Giindiiz et al., 2007; Mutun, 2010; Vamberger et al.,
2013; Korkmaz, Lunt, Ciplak, Degerli & Basibiiyiik, 2014) or taxa (e.g. species or sub-
species, Davis, 1971; Ekim & Giiner, 1986; Nilson, Andren & Flardh, 1990; Ciplak,
Demirsoy & Bozcuk, 1993; Adigiizel, 1999; Demirsoy, Salman & Sevgili, 2002;
Ciplak, 2003; Dogan, Duran & Hakki, 2009; Stiimpel & Joger, 2009; Bilgin, 2011;
Uslu, Bakis & Babag, 2011; Uslu & Bakis, 2012; Kapli et al., 2013; Sonibare et al.,
2014). For example, many of Turkey’s 1200 endemic plant species occur only to the
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immediate west or east of it (Conservation International, 2015 and references therein).
Moreover, the Anatolian diagonal is suggested as contributing to regional historical-
cultural differences (Aydin, 2004).

Although the Anatolian diagonal has long been recognised as a biogeographic
boundary between central and eastern Anatolian floras and faunas, the processes (i.e.
historical, ecological or some combination of these) responsible for its origin and
maintenance have not been well understood. According to Davis (1971), this biogeo-
graphic boundary cannot be explained by physical and climatic differences between the
west and east of the Anatolian diagonal, and has roots from the palacogeological (Coe-
nozoic) history of Anatolia. However, Ekim and Giiner (1986) suggested that ecological
and climatic factors may play some greater role than previously understood (see also
Avect, 1993). I therefore tried to assess whether the Anatolian diagonal corresponds with
a significant environmental barrier. For this purpose, I used ecological niche modelling
(Elith & Leathwick, 2009) and associated comparative metrics (Warren, Glor & Turelli,
2010; Glor & Warren, 2011). I created virtual records in the Anatolian part of the Irano-
Anatolian hotspot, and split these records into two groups using the Anatolian diagonal.
Then I examined whether the Anatolian diagonal is associated with a steep environmen-
tal gradient.

Material and Methods

Virtual Records To make sure that the results were not influenced by the choice of populations
(e.g. lineages) or taxa (e.g. species or subspecies) and the peculiarities thereof, and also to obtain
an unbiased dataset, virtual records were created by randomly sampling a set of records (i.c. a set
of geographic localities, with latitude and longitude coordinates) in a given habitat throughout a
given region (see Kramer-Schadt et al., 2013; Fourcade, Engler, Rodder & Secondi, 2014 for a
similar approach). To reduce spatial autocorrelation (Boria, Olson, Goodman & Anderson, 2014),
only one record was allowed to occur within a grid cell of 0.083 decimal degree? (c. 100 km?).
Eventually, 200 records or geographic localities were extracted from areas covered by herbaceous
or shrubby (i.e. steppe or anthropogenic steppe) vegetation (i.e. “Open Shrubland”, “Grassland”,
and  “Cropland”  categories of UMD  Global Land Cover Classification,
http://glcf.umd.edu/data/landcover; Hansen, DeFries, Townshend & Sohlberg, 1998) within the
Anatolian part of the Irano-Anatolian hotspot (Biodiversity Hotspots Arcview Shapefile and
Metadata, www.cepf.net/resources/hotspots). It is important to note that only a small part of the
Anatolian part of the Irano-Anatolian hotspot is covered by other vegetation types. These records
were then split into two groups: those occurring in the west (hereafter referred to as group A) and
east (hereafter referred to as group B) of the Anatolian diagonal and allowed to meet along it,
resulting in 85 and 115 records for group A and B, respectively, used for modelling. Thus, group
A and B are distributed in steppe or anthropogenic steppe habitats throughout the Anatolian part
of the Irano-Anatolian hotspot (Figures 2, 3), and cover the full range of different climates to the
west and east of the Anatolian diagonal, respectively.

Environmental Data. Present (1950-2000) and Last Glacial Maximum (LGM, about 22,000
years ago) environmental data as well as elevation data were obtained from the WorldClim data-
base (www.worldclim.org; Hijmans, Cameron, Parra, Jones & Jarvis, 2005) at a resolution of 2.5
arc-min. Environmental data include 19 bioclimatic variables derived from monthly temperature
and precipitation values (see www.worldclim.org/bioclim for detailed descriptions of these varia-
bles). LGM environmental data are based on a Global Climate Model (GCM) simulation: the Max
Planck Institute for Meteorology (MPI-M), the new Earth system model (MPI-ESM-P; see
CMIP5-Coupled Model Intercomparison Project Phase 5, http://cmip-pcmdi.llnl.gov/cmip5 for
details). All variables were masked to include only 25° to 47°E and 35° to 43°N, and then tested
for multicollinearity. Some highly intercorrelated (r> 0.80 or <-0.80) variables were removed
(Dormann et al., 2013), leaving elevation and BIO2-4, 8-10, 12, 15, and 18-19 as input variables
used for modelling.
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Modelling. To develop the ecological niche models for group A and B, a maximum entropy
machine learning algorithm available in the software MAXENT version 3.3.3 k
(www.cs.princeton.edu/~schapire/maxent; Phillips, Anderson & Schapire, 2006; Phillips &
Dudik, 2008) was used, together with virtual records and environmental data. The models were
developed under present (1950-2000) environmental conditions, and then projected to LGM
(about 22,000 years ago) environmental conditions. MAXENT was run with the default settings,
except for the cases noted below. To evaluate how each bioclimatic variable affected the predic-
tion, the response curves were created. To estimate the relative contributions of bioclimatic varia-
bles to the model, the jack knife analysis was conducted. To test whether the model performance
was robust to variation in the selection of the records for training and testing, a ten-fold cross-
validation was performed. To examine the effect of the region used for modelling, two models
were run for each group (see Glor & Warren, 2011 for a similar approach), one taking background
points from the whole study area (see above) and the other taking background points only from
the backgrounds (i.e. fractions of the study area defined by drawing 100-km buffered minimum
convex polygons around the records for groups A and B). Fade by clamping was performed,
because the MESS (multivariate environmental similarity surface) maps showed that the model
was required to extrapolate into novel LGM environmental conditions (Elith, Kearney & Phillips,
2010).

The most common metric, i.e. the Area under the Receiver Operating Characteristic (ROC)
Curve (AUC), was used to evaluate the model performance (Fielding & Bell, 1997). As there was
no absence data, the fractional predicted area was used (Phillips et al., 2006). An AUC>0.5 indi-
cates that the model performs better than a random prediction.

Assessing the environmental gradient along the Anatolian diagonal. To assess whether the
Anatolian diagonal is associated with a steep environmental gradient, the blob range-breaking test
was used. This test was preferred over the linear range-breaking test, because the spatial extent of
the union of the records for groups A and B was very elongate (Glor & Warren, 2011). To test
whether groups A and B share the same environmental space, two quantitative tests of niche
similarity (identity and background tests) were also conducted (Warren et al., 2010). For the
background test, background samples were taken from all habitats throughout the regions from
where the records for groups A and B were randomly sampled (see above). This allowed me to
evaluate how different sets of records for groups A and B and vegetation types affected the results
of the niche identity test. That is, while the niche identity test analysed only whether the records
for groups A and B used for modelling (Figures 2, 3) experience different climates, the back-
ground test analysed whether different sets of records created randomly and repeatedly for groups
A and B similarly experience different climates. All of these tests were run, with 200 randomised
pseudoreplicates, as implemented in ENMTools version 1.4.4 (http://enmtools.blogspot.com.tr;
Warren et al., 2010).

ENMTools quantifies niche similarity using two similar metrics (/ and Schoener’s D; Warren,
Glor & Turelli, 2008) that range from 0 (niches highly divergent) to 1 (niches identical). Similar
results were obtained from 7/ and Schoener’s D metrics in all comparisons, and therefore my dis-
cussion was focused on /. To estimate the amount of overlap between areas of above chosen
logistic values (i.e. threshold values of 0.2 and 0.3) for groups A and B, the range overlap test was
also used, as implemented in ENMTools (see above). All of the GIS operations were conducted
using the software SDMtoolbox version 1.1c (Brown, 2014; www.sdmtoolbox.org) and some
other tools implemented in the software ArcGIS version 10.1 (www.arcgis.com).

Results

For the whole study area, AUC for test data is AUC=0.935+0.016 (mean + SD) for
group A and AUC=0.916+0.029 for group B. For the backgrounds, AUC for test data is
AUC=0.759+0.040 for group A and AUC=0.749 £0.035 for group B. The ecological
niche models performed better than a random prediction, indicating a good fit between
the models and test data. The small SDs suggested that the model performance is robust
to variation in the selection of the records for training and testing.
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Figure 2.  The ecological niche models for (A, B) group A (red circles) and (C, D) group B
(yellow circles) under present (1950-2000) environmental conditions. The models took back-
ground points from (A, C) the whole study area or (B, D) the backgrounds. Warmer colours (more
red) indicate relatively high logistic values.

Figure 3.  The ecological niche models for (A, B) group A (red circles) and (C, D) group B
(yellow circles) under LGM (about 22,000 years ago) environmental conditions. The models took
background points from (A, C) the whole study area or (B, D) the backgrounds. Warmer colours
(more red) indicate relatively high logistic values.

For groups A and B, areas of relatively high logistic values were predicted for both
the LGM and the present in the west (i.e. central Anatolia) and east (i.e. eastern Anato-
lia) of the Anatolian diagonal, respectively. The models taking background points only
from the backgrounds gave qualitatively similar predictions; i.e. for groups A and B,
areas of very low logistic values were predicted for both the LGM and the present in the
east and west of the Anatolian diagonal, respectively (Figures 2, 3). The range overlap
test supported these results, and indicated that for groups A and B areas of relatively
high logistic values had very little overlap at both the LGM (<7.2% for threshold value
0.2 and <0.2% for threshold value 0.3) and the present (<1.1% for threshold value 0.2
and 0% for threshold value 0.3).
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Figure 4.  Plot of the records for group A (red circles) and group B (yellow circles) in a geo-
graphical/environmental space defined by longitude (decimal degree), elevation (m), and tempera-
ture seasonality (°C).
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Figure 5.  Plot of the records for group A (red circles) and group B (yellow circles) in an envi-
ronmental space defined by annual mean temperature and annual precipitation. White circles
indicate environmental conditions present across the study area, based on 5000 random points.

The jack knife analysis suggested that for groups A and B the most significant bio-
climatic variable in the models was temperature seasonality (BIO4; i.e. the amount of
temperature variation over the course of the year, based on the SD of mean monthly
temperature values). The marginal response curves indicated that for group A, logistic
values decrease sharply as temperature seasonality goes above 7.5°C, and for group B,
logistic values increase sharply as temperature seasonality goes above 8°C. Elevation
and temperature seasonality increase towards the east, and therefore are higher for
group B than for group A (Figure 4).
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Figure 6. The frequency distributions of / values computed from randomized pseudoreplicates
for (A) the niche identity test, (B, C) the background test (B, group A vs. B background; C, group
B vs. A background), and (D) the blob range-breaking test. The broken line indicates the observed
I value (1=0.231).

The identity test indicated that groups A and B do not share the same environmental
space (P<0.005; Figures 5, 6). The background test suggested that this result was robust
to different sets of records for groups A and B and vegetation types, because the ob-
served / value computed from the records for groups A and B used for modelling (see
Figures 2, 3) was similar to / values computed from different sets of records created
randomly and repeatedly for groups A and B (group A vs. B background, P>0.05; group
B vs. A background, P>0.05). The blob range-breaking test supported these results, and
indicated that environmental divergence is greater between group A and group B than
might be expected from randomized geographic breaks (P<0.005; Figure 6), suggesting
that the Anatolian diagonal is associated with a steep environmental gradient. This steep
gradient associated with the Anatolian diagonal is mainly in temperature seasonality
(see above).

Discussion

In this study, using ecological niche modelling and associated comparative metrics, I
aimed to assess whether the Anatolian diagonal corresponds with a significant environ-
mental barrier. This, or a similar, approach was proposed by Glor and Warren (2011):
“Simple extensions of our framework would permit application to entire faunas or floras
separated by biogeographic boundaries. One might, for example, draw background
samples from the regions separated by a biogeographic boundary and develop ENMs
from these samples to ask whether these areas are more different than expected by
chance.” Still, this approach (i.e. creating virtual records and splitting these records into
two groups by the Anatolian diagonal) can be criticized. However, groups A and B
represent some pairs of populations or taxa separated by the Anatolian diagonal and
some populations or taxa distributed on only one side of it (see Ekim & Gtiner, 1986;
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Figure 7.  The geographic distributions of central (lineages 2 to 5; green circles) and eastern
(lineage 1 and one unnamed lineage; pink circles) Anatolian lineages of the Anatolian Ground
Squirrel (Spermophilus xanthoprymnus). Red circles indicate the records for group A. See Figure
1 for other explanations.

Ciplak et al., 1993). For example, the geographic distribution of central Anatolian line-
ages (no. 2 to 5) of the Anatolian Ground Squirrel (Spermophilus xanthoprymnus) al-
most exactly matches that of group A (Gilindiiz et al., 2007; Giir, 2013; Figure 7), and
the geographic distribution of Radde’s Accentor (Prunella ocularis) in Anatolia almost
exactly matches that of group B (BirdLife International, 2012). Moreover, even though
groups A and B do not represent real situations, this approach is a more conservative
procedure. If statistically significant results were found using groups A and B that cover
the full range of different climates in the west and east of the Anatolian diagonal, re-
spectively, then statistical significance would most probably be found using real popula-
tions or taxa, because, in general, they would be more limited distributions and would
therefore cover a smaller range of different climates in the west and/or east of it.

The result that the Anatolian diagonal is associated with a steep environmental gra-
dient, and therefore corresponds with a significant environmental barrier is in contrast to
the discussion of Davis (1971), and is not surprising given that the Anatolian diagonal
forms the boundary both between the central Anatolian and eastern and southeastern
Anatolian climate zones (Unal, Kindap & Karaca, 2003) and between ecoregions
(Welch & Kirwan, 2008; see above). Eastern Anatolia is one of the best examples of
continental collision, and comprises one of the high plateaus of the Alpine-Himalaya
mountain belt, with an average elevation of approximately 2000 m (Keskin, 2007).
Thus, it is colder and more seasonal, and has higher precipitation, than central Anatolia.
Indeed, the most significant bioclimatic variable in the models was temperature season-
ality. Also, these two regions host different ecoregions (Welch & Kirwan, 2008; see
above). Consequently, the Anatolian diagonal coincides with the distributional limits of
many populations (e.g. lineages) or taxa (e.g. species or subspecies; see “Introduction”
section). It is also interesting to note that the geographic distributions of hotspots for
nitidulid beetles and butterflies are concentrated mostly east of the Anatolian diagonal
(Fattorini, Dennis & Cook, 2011, 2012). The models, especially those taking back-
ground points only from the backgrounds, did not cross-predict each other, either at the
LGM or at the present, suggesting that during at least the last glacial-interglacial cycle,
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many of these populations or taxa are excluded from the other side of the Anatolian
diagonal by environmental rather than non-environmental reasons (i.e. dispersal, com-
petition). This suggests that the Anatolian diagonal may also have been a significant
environmental barrier during the last glacial period (including the LGM). However, all
of these explanations do not exclude the possibility that the Anatolian diagonal serves
primarily as a geophysical barrier to taxa with low ability of dispersal.

The Anatolian diagonal has an elevation higher than 1500 m and generally less than
2000 m (see Figure 1). The geographic distribution of the Anatolian Ground Squirrel
ranges from approximately 800 to 2900 m (Kart Giir & Giir, 2010). Central Anatolian
lineages (no. 2 to 5) extend eastwards as far as, but not crossing, the Anatolian diagonal,
and are therefore parapatric with eastern Anatolian lineages (1 and one unnamed line-
age) in the north of it (Giindiiz et al., 2007; Giir, 2013; Figure 7). This suggests that this
distribution pattern is mainly shaped by environmental factors (see Giir, 2013 for the
results of ecological niche modelling on the species). However, many Orthoptera spe-
cies that are wingless or with vestigial wings show the Anatolian diagonal-specific
distributions because they have a low ability for dispersal (Ciplak et al., 1993).
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